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E-mail: liisa.kauppi@helsinki.fihttp://dx.doi.org/10.1016/j.cub.2013.11.007Cell Migration: Sinking in a GradientHow chemoattractant gradients form and persist in complex tissues is a key
question in cell migration. Two studies now show that CXCR7 acts as a sink in
the migrating zebrafish lateral line primordium to generate SDF1 gradients.Konstadinos Moissoglu,
Ritankar Majumdar,
and Carole A. Parent*
Directed cell migration is involved in a
variety of physiological functions, such
as embryonic development, neuronal
differentiation, immune function,
vascular remodeling and wound
healing, and contributes to
pathological states, including
atherosclerosis, chronic inflammation
and cancer [1]. Cells migrate either
individually or physically connected in
groups. To migrate in a specific
direction, cells are guided by
extracellular gradients, chemical
and/or physical in nature, along which
they move. Chemical gradients can
be established by diffusion of
chemoattractants from a distant focal
source. A classic example is the release
of bacterial byproducts that attract
immune cells to a site of infection [2]. It
is further thought that within the
complex environment of a tissue, cells
must be able to integrate multiple
signals and often navigate through
overlapping gradients [3]. In addition,
tissue components in the vicinity of
migrating cells can influence gradient
formation. For example, proper
guidance of zebrafish trigeminal
sensory neurons is mediated by a
dynamic SDF1 source controlled
transcriptionally by miR-430 and
post-transcriptionally by the decoy G
protein-coupled receptor CXCR7 [4].
Similarly, glycosaminoglycans on the
surface of endothelial cells are thought
to bind and immobilize chemokines,
thereby facilitating the formation of
gradients [5]. Remarkably, migrating
cells themselves can modify existinggradients by influencing the availability
of chemoattractants that operate in an
autocrine or paracrine fashion. For
example, Dictyostelium cells secrete
phosphodiesterases to breakdown
cAMP during chemotaxis [6] and
human keratinocytes at the front of a
wound release higher levels of EGF [7].
In addition, migrating cells can
contribute to the formation of new
gradients as evidenced by the
production and release of secondary
chemoattractants (such as LTB4)
during neutrophils’ chemotaxis [8]
and the polarized remodeling of the
extracellular matrix (ECM) and release
of pro-migratory factors by colon
carcinoma cells [9]. Two separate
studies [10,11] now address how
chemical gradients are formed and
maintained in complex tissues.
The posterior lateral line primordium
in zebrafish is composed ofw200
epithelial-like cells that migrate along
the body of the fish to reach the tip of
the tail after about 20 hours. This group
of cells migrates on a pre-patterned
path of the chemokine SDF1,
depositing differentiated multicellular
sensory structures at regular intervals
along the body. Although SDF1 is
uniformly distributed along this route,
no directional migration of the
primordium is observed in the absence
of SDF1 or its receptor CXCR4,
although the cells remain motile [12].
Three scenarios have been proposed
to account for the directional collective
migration in this system. One is the
presence of sink receptors that bind
and internalize SDF1, titrating its
concentration along the length of the
primordium. Second, the same
alternative receptors could regulateCXCR4 expression/activity and hence
SDF1 availability. Finally, this receptor
could direct cell migration through
its own, distinct SDF1-dependent
signaling. The two new papers [10,11]
address these questions using in vivo
sensors that report SDF1 activity.
These sensors are based on the
internalization of CXCR4 upon SDF1
binding such that the readout inversely
correlates with extracellular SDF1
levels. The effort led by Holger Knaut
[10] utilized the green–red ratio of a
membrane-tethered GFP and Kate2
tagged to the carboxyl terminus of
CXCR4 as a measure of SDF1 levels
perceived by the primordium. Darren
Gilmour’s group [11] resolved the SDF1
activity temporally by using a tandem
fluorescence protein approach. Here,
CXCR4 was tagged with a fast-folding
GFP and a slower-maturing tagRFP.
The red/green fluorescence was used
as an indicator of the time spent by
CXCR4 on the membrane. Both groups
show that, although SDF1 uniformly
distributes along the migratory route
of the primordium, a steady, linear
gradient of SDF1 is observed across
the primordium cell mass. They next
tested whether chemokine receptors
are required for shaping and
maintaining this gradient. Earlier work
had indicated that the chemokine
receptor CXCR7 is expressed at the
rear of the primordium andmay act as a
scavenger receptor for SDF1 [12,13].
Both studies now report a loss of the
SDF1 gradient in CXCR7-null mutants.
Furthermore, both teams measured an
accumulation of GFP-tagged SDF1 in
CXCR7-postive endosomes within
cells at the rear of the tissue (Figure 1).
Whether CXCR7 acts as a sink or
produces distinct signals for primordial
migration was powerfully addressed by
engineering an external source of
CXCR7 in the posterior line nerve,
which closely follows the rear of the
migrating primordium. Importantly,
both groups show that such an
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Figure 1. Collective cell migration in the zebrafish lateral line.
Diagram depicting the lateral line primordium in zebrafish (top panel: top view; middle panel:
side view). Red represents the uniform distribution of CXCR4 and green the back localization
of CXCR7. Bottom panel: proposed distribution of CXCR4 (red) and CXCR7 (green) in single
cells at the front and back of the primordium. The diagram also illustrates the SDF1 distribution
(black) and the internalized receptors.
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sufficient to restore the SDF1
gradient, thus strongly favoring the
sequestration model as a primary role
of CXCR7 in gradient generation. In
addition, using chimeric primordia
composed of wild type and CXCR7-null
cells, Holger Knaut’s team [10]
provided evidence that CXCR7 shapes
SDF1 gradients by acting at the
tissue level, again supporting SDF1
internalization at the back of the tissue
as away to generate the SDF1 gradient.
The notion of a linear, steady
gradient of a chemoattractant created
by a localized source and a sinkmay be
more widespread than was previously
thought. Fgf8 morphogen gradients in
zebrafish embryos are thought to be an
example of stable gradients regulated
by a sink function associated with
receptor-mediated endocytosis [14],
akin to the accumulation of SDF1 in
CXCR7-positive endosomes. Thus,
important research directions arise
from the two studies described here.
For example, the molecular
mechanisms governing the spatial
distribution of CXCR7 in the
primordium are yet to be determined.
Similarly, whether CXCR7 is
asymmetrically distributed in a single
cell and can operate as a sink to
generate SDF1 gradients during
single cell migration have not been
addressed. Self-generation of EGF
gradients and persistent migration
by single cells under certaincircumstances has been proposed
[15,16]. In addition, the studies by
Knaut and Gilmour [10,11] report that
both CXCR4 and CXCR7 are
internalized upon SDF1 binding. As
CXCR7 is confined at the rear of the cell
collective, gradient formation may
simply reflect front-to-back cumulative
differences in SDF1 clearance as a
consequence of receptor expression.
Alternatively, gradient formation may
arise from qualitative differences in the
internalization properties of the two
receptors across the primordium.
Distinguishing between the two
possibilities will shed light on the
mechanisms of gradient formation.
Finally, while both teams provide
strong evidence that CXCR7 acts as an
SDF1 scavenger, it remains to be
determined whether this receptor also
transduces a signal as part of cellular
migration responses, as it has been
shown to do in other systems [17,18].
The SDF1/CXCR4 signaling pathway
controls various aspects of cancer
biology and is of therapeutic interest
[19]. However, the functional
interactions between CXCR4 and
CXCR7 in cancer are not well
understood [20]. By functioning as a
sink, it is conceivable that CXCR7 could
be a CXCR4 signaling antagonist or,
drawing a parallel from the two studies
presented here, a migration-promoting
factor within the heterogeneous
‘collective’ of the tumor. Thus,
deciphering the mechanisms by whichCXCR4/CXCR7 regulate collective
cell migration during zebrafish
development may provide therapeutic
advances in cancer.References
1. Friedl, P., and Wolf, K. (2010). Plasticity of cell
migration: a multiscale tuning model. J. Cell
Biol. 188, 11–19.
2. Kolaczkowska, E., and Kubes, P. (2013).
Neutrophil recruitment and function in health
and inflammation. Nat. Rev. Immunol. 13,
159–175.
3. Foxman, E.F., Campbell, J.J., and Butcher, E.C.
(1997). Multistep navigation and the
combinatorial control of leukocyte chemotaxis.
J. Cell Biol. 139, 1349–1360.
4. Lewellis, S.W., Nagelberg, D., Subedi, A.,
Staton, A., LeBlanc, M., Giraldez, A., and
Knaut, H. (2013). Precise SDF1-mediated cell
guidance is achieved through ligand clearance
and microRNA-mediated decay. J. Cell Biol.
200, 337–355.
5. Handel, T.M., Johnson, Z., Crown, S.E.,
Lau, E.K., and Proudfoot, A.E. (2005).
Regulation of protein function by
glycosaminoglycans–as exemplified by
chemokines. Annu. Rev. Biochem. 74,
385–410.
6. Garcia, G.L., Rericha, E.C., Heger, C.D.,
Goldsmith, P.K., and Parent, C.A. (2009). The
group migration of Dictyostelium cells is
regulated by extracellular chemoattractant
degradation. Mol. Biol. Cell 20, 3295–3304.
7. Inoue, H., Sakaue, T., Ozawa, T., and
Higashiyama, S. (2013). Spatiotemporal
visualization of proHB-EGF ectodomain
shedding in living cells. J. Biochem. 154, 67–76.
8. Afonso, P.V., Janka-Junttila, M., Lee, Y.J.,
McCann, C.P., Oliver, C.M., Aamer, K.A.,
Losert, W., Cicerone, M.T., and Parent, C.A.
(2012). LTB4 is a signal-relay molecule during
neutrophil chemotaxis. Dev. Cell 22,
1079–1091.
9. Nabeshima, K., Inoue, T., Shimao, Y.,
Okada, Y., Itoh, Y., Seiki, M., and Koono, M.
(2000). Front-cell-specific expression of
membrane-type 1 matrix metalloproteinase and
gelatinase A during cohort migration of colon
carcinoma cells induced by hepatocyte growth
factor/scatter factor. Cancer Res. 60,
3364–3369.
10. Venkiteswaran, G., Lewellis, S.W., Wang, J.,
Reynolds, E., Nicholson, C., and Knaut, H.
(2013). Generation and dynamics of an
endogenous, self-generated signaling gradient
across a migrating tissue. Cell 155, 1–14.
11. Dona, E., Barry, J.D., Valentin, G., Quirin, C.,
Khmelinskii, A., Kunze, A., Durdu, S.,
Newton, L.R., Fernandez-Minan, A., Huber, W.,
et al. (2013). Directional tissue migration
through a self-generated chemokine gradient.
Nature 503, 285–289.
12. Dambly-Chaudiere, C., Cubedo, N., and
Ghysen, A. (2007). Control of cell migration in
the development of the posterior lateral line:
antagonistic interactions between the
chemokine receptors CXCR4 and CXCR7/
RDC1. BMC Dev. Biol. 7, 23.
13. Valentin, G., Haas, P., and Gilmour, D. (2007).
The chemokine SDF1a coordinates tissue
migration through the spatially restricted
activation of Cxcr7 and Cxcr4b. Curr. Biol. 17,
1026–1031.
14. Yu, S.R., Burkhardt, M., Nowak, M., Ries, J.,
Petrasek, Z., Scholpp, S., Schwille, P., and
Brand, M. (2009). Fgf8 morphogen gradient
forms by a source-sink mechanism with freely
diffusing molecules. Nature 461, 533–536.
15. Maheshwari, G., Wiley, H.S., and
Lauffenburger, D.A. (2001). Autocrine epidermal
growth factor signaling stimulates directionally
persistent mammary epithelial cell migration.
J. Cell Biol. 155, 1123–1128.
16. Scherber, C., Aranyosi, A.J., Kulemann, B.,
Thayer, S.P., Toner, M., Iliopoulos, O., and
Irimia, D. (2012). Epithelial cell guidance by
Dispatch
R25self-generated EGF gradients. Integr. Biol. 4,
259–269.
17. Odemis, V., Boosmann, K., Heinen, A., Kury, P.,
and Engele, J. (2010). CXCR7 is an active
component of SDF-1 signalling in astrocytes
and Schwann cells. J. Cell Sci. 123,
1081–1088.
18. Rajagopal, S., Kim, J., Ahn, S., Craig, S.,
Lam, C.M., Gerard, N.P., Gerard, C., and
Lefkowitz, R.J. (2010). Beta-arrestin- but not Gprotein-mediated signaling by the ‘‘decoy’’
receptor CXCR7. Proc. Natl. Acad. Sci. USA
107, 628–632.
19. Teicher, B.A., and Fricker, S.P. (2010).
CXCL12 (SDF-1)/CXCR4 pathway in cancer.
Clin. Cancer Res. 16, 2927–2931.
20. Sanchez-Martin, L., Sanchez-Mateos, P., and
Cabanas, C. (2013). CXCR7 impact on CXCL12
biology and disease. Trends Mol. Med. 19,
12–22.Laboratory of Cellular and Molecular Biology,
Center for Cancer Research, National Cancer
Institute, National Institutes of Health,
Bethesda, MD, USA.
*E-mail: parentc@mail.nih.govhttp://dx.doi.org/10.1016/j.cub.2013.10.075Circadian Clocks: The Tissue Is the
IssueThe circadian clock uses a widely expressed pair of clock activators to drive
tissue-specific rhythms in target gene expression. A new study sheds light
on this tissue specificity by showing that binding of clock activators and
tissue-specific transcription factors to closely associated target sites enables
cooperative activation of target genes in different tissues.Jerome S. Menet and Paul E. Hardin*
In animals, different tissues have
specialized physiological and
metabolic functions, such as the
regulation of blood sugar by the
pancreas, the absorption of nutrients
by the intestine, and the elimination of
toxins by the liver. These tissue-
specific physiological and metabolic
functions are coordinately controlled
with respect to each other and the time
of day. Such coordination is effected
by circadian clocks, which use a
conserved pair of basic-helix-loop-
helix transcriptional activators,
CLOCK–CYCLE (CLK–CYC) in
Drosophila and CLOCK–BMAL1
(or NPAS2–BMAL1) in mammals, to
drive rhythmic gene expression in a
vast array of tissues [1,2]. Clock
regulation of different tissue-specific
physiological and metabolic rhythms
implies that CLK–CYC and CLOCK–
BMAL1 activate a different set of
target genes in each tissue. Indeed,
accumulating evidence supports this
view [2–4], but little is known about how
different target genes are selected by
CLK–CYC and orthologs in different
tissues. In this issue ofCurrent Biology,
new work by Meireles-Filho et al. [5]
takes an important step towards
understanding tissue-specific rhythms
in gene expression by showing that
CLK–CYC collaborates with
tissue-specific transcription factors
bound at nearby cis-regulatory
sequences to synergistically activate
different sets of target genes in
different tissues.CLK–CYC and CLOCK–BMAL1
primarily bind consensus CACGTG
E-box sequences to drive rhythmic
transcription of target genes in most
tissues. These target genes can be
roughly divided into two groups; core
clock genes that keep circadian time
via feedback inhibition of CLK–CYC
and CLOCK–BMAL1 in all clock-
containing tissues, and clock output
genes that control common processes
in many clock-containing tissues or
specialized processes in specific
clock-containing tissues. Several lines
of evidence suggest that CLK–CYC and
CLOCK–BMAL1 collaborate with other
factors to bind E-boxes and activate
output gene transcription in different
tissues. Since consensus CACGTG
E-box sequences are (statistically)
present about every 4 kb, there are tens
to hundreds of thousands of potential
CLK–CYC and CLOCK–BMAL1 binding
sites in Drosophila and mice,
respectively. However, chromatin
immunoprecipitation (ChIP) analysis
demonstrates that there are only
w1,500 CLK–CYC binding sites in
Drosophila heads andw6,000
CLOCK–BMAL1 binding sites in the
liver [3,6–8], indicating that additional
sequences and/or transcription factors
contribute to CLK–CYC and CLOCK–
BMAL1 binding. In Drosophila heads,
rhythmic CLK–CYC binding only
identified genes with cycling mRNAs
w7% of the time [3]. This poor
correspondence between CLK–CYC
binding rhythms and mRNA cycling
can be explained by rhythmic binding
to specific isoforms expressed in fewcells or tissue-specific binding that is
masked by high expression in other
tissues. More direct evidence of
tissue-specific mRNA cycling came
from an early microarray study that
interrogated cycling transcripts in
Drosophila heads and bodies [4]. This
study showed that there was little
overlap in the cycling head and body
mRNA populations besides core
clock genes [4], and mirrored
tissue-specific differences in cycling
mRNAs that were being uncovered in
mammals [9,10]. These studies
demonstrated that the clock drove
different populations of rhythmic
mRNAs in different tissues, which
provided a wealth of information
about how the clock regulates
tissue-specific physiological and
metabolic processes and set the
stage for investigating how the clock
activates a specific group of output
genes in a given tissue.
Since all rhythmic transcription in
Drosophila stems directly or indirectly
from CLK–CYC binding, Meireles-Filho
et al. first identified all CLK and CYC
binding sites in DNA from fly heads and
bodies. CLK and CYC bound sites
containing conserved E-boxes in the
promoters and introns of core clock
genes in both heads and bodies as
expected, but they also bound many
sites that were different in heads and
bodies [5]. Notably, the sites that were
uniquely bound by CLK and CYC in
the head were linked to genes that
regulated neuronal function, whereas
sites unique to bodies were associated
with genes involved in metabolic
functions. Having established that CLK
and CYC bound many sites unique to
head or body tissues, how do CLK and
CYC select these tissue-specific
targets? A computational approach
was taken to identify sequence motifs
associated with CLK and CYC binding
sites unique to heads and bodies. This
analysis revealed multiple sequence
motifs situated nearby CLK and CYC
sites that were enriched in heads or
